Objectives: Many factors are involved in the appropriate use of aminoglycosides, such as modalities of administration, drug levels monitoring and duration of treatment. We assessed prospectively the impact of an antibiotic control team on the appropriateness of prescriptions.
Introduction
The aminoglycosides remain frequently used in hospitalized patients for the treatment of endocarditis and severe infections due to Gram-negative bacilli or staphylococci. Many factors are involved in their optimal use, including dosing regimen, drug level monitoring and duration of treatment. 1 The above factors are of particular importance, because of the narrow therapeutic index and potential toxicity of these drugs. Because aminoglycosides exhibit both concentration-dependent bactericidal activity and a post-antibiotic effect, a single-daily dosing (SDD) regimen has been advocated to improve drug activity and prevent bacterial resistance. 2, 3 Besides, SDD regimens may reduce both drug toxicity and the need for monitoring drug levels. However, the SDD concept has been challenged by some experts, and the literature has not resolved all questions about the indications, optimal dosage or the frequency of drug level monitoring during its use. 4 For all these reasons, we decided to assess prospectively variables associated with the appropriateness of aminoglycoside prescribing; we also examined the impact of an antibiotic control team in our hospital, a facility where a restricted aminoglycosides dispensation system was operative. 
Materials and methods

Hospital setting, antibiotic policy and study design
Henri Mondor Hospital is a tertiary-care, 960 bed university hospital, with an average 25 000 admissions per year. Since May 1996, the dispensation of all aminoglycosides has been controlled by introducing a restrictive order form, which provides information on daily dosage and costs of treatment. Orders are checked upon receipt by pharmacists for adherence to indications, selection of the drug and usual daily dosage, as recommended in the hospital's guidelines issued by the Drugs and Therapeutics Committee. Within this context, we repeatedly evaluated five criteria for appropriateness of aminoglycoside prescriptions (justification of prescribing, adequacy of drug choice, adequacy of SDD regimen, indication and timing of drug levels assays, and duration of treatment), first during an unobtrusive observational audit, and second during an interventional audit, after updated guidelines had been issued.
Observational audit
The first audit consisted of a 1 month prospective, unobtrusive observation of 100 consecutive aminoglycoside prescriptions (March 2001). The pharmacist (A. B-C.) notified one of the investigators within 48 h after a new patient had been prescribed an aminoglycoside. All prescriptions delivered for treatment of suspected or documented infections, except for patients in the haematology unit (where specific guidelines are used), were included in the study. Antibiotic prescriptions were grouped into three categories: (i) empirical treatment, including all prescriptions given in the absence of microbiological documentation throughout the antibiotic course; (ii) empirical-secondary documented, which includes all antibiotic courses that were initiated empirically, but were subsequently associated with microbiologically documented infection; (iii) documented infections, with full documentation of infection and identification of a likely pathogen available at the start of treatment. The investigators were senior physicians with expertise in infectious diseases (J-R. Z., C. R. and P. L.). They recorded on a standardized form the relevant clinical and microbiological data available when treatment was initiated, as well as follow-up information at 3-5 days after the start of treatment and at completion of therapy. Investigators assessed the appropriateness of aminoglycoside use (see below) but did not interfere with physicians' prescribing.
Intervention audit
New recommendations on aminoglycoside use were issued in January 2002, based on the results from the first audit. These included revised recommendations on dosing regimens, and new recommendations on indications and timing of drug levels monitoring. The new recommendations were implemented hospital-wide during early 2002: all staff and junior physicians at our institution were provided with the updated recommendations, and an educational session was held in each ward with the corresponding physicians. The interventional audit occurred a few months later (January 2003), again including prospectively 100 consecutive new prescriptions. It was conducted following the same evaluation protocol as in the first audit, except that the initial evaluation was followed by the intervention of the antibiotic team to provide counselling to prescribing physicians when appropriate.
Evaluation criteria of aminoglycoside use
The investigators determined the appropriateness of aminoglycoside use, based on the following criteria. (i) Justification of use: aminoglycoside prescription was considered justified for patients with neutropenic fever; septic shock; endocarditis; complicated pyelonephritis; post-neurosurgical meningitis; documented infections due to Pseudomonas, Enterococcus or Listeria species; or severe infections due to Staphylococcus or Enterobacteriaceae. (ii) Selection of drug: gentamicin was recommended for treatment of suspected or documented infections due to Gram-positive species and communityacquired Gram-negative bacteria, whereas amikacin was recommended for treatment of nosocomial-acquired infections due to Gram-negative bacteria; tobramycin was restricted to treatment of infections due to Pseudomonas aeruginosa. (iii) Dosing regimen: an SDD regimen was considered adequate in all patients except those with endocarditis, neutropenic fever, specific indications for prolonged therapy of more than 10 days (e.g. endocarditis, bone-joint infection) or severe infections due to staphylococci or P. aeruginosa. (iv) Drug levels monitoring: drug levels (including trough and peak determinations) were to be assayed in patients with renal failure or those treated for more than 5 days. (v) Duration of treatment: this should not exceed 5 days except for endocarditis or severe infections due to antibiotic-resistant Gram-negative bacilli or P. aeruginosa. The appropriateness assessments were reviewed by at least two investigators, and any disagreement in interpretation and rating was resolved by consensus.
Clinical outcome and cost analysis of the intervention
The secondary objectives of the study were to evaluate the impact of the intervention on clinical outcomes and costs. Clinical outcomes assessed included in-hospital mortality and rate of nephrotoxicity. Nephrotoxicity was assessed as a 25% or a 50% increase in the serum creatinine level. 2, 5 Estimate of the costs of the intervention was based on the costs of aminoglycoside prescriptions + monitoring drug levels + medical intervention by the antibiotic control team. Drug level assays were estimated to cost d27.65 (one peak or trough measurement) or d32.40 (both measurements). An intervention was estimated to take 20 min of work time, corresponding to the average cost for a visit to a specialist physician in the hospital (d23). The costs of the intervention were then compared with the corresponding costs of the observational period, which included only the costs of drugs and of drug level assays. All costs were adjusted to 2005 Euros.
Statistical analysis
Median and interquartile range were calculated for continuous variables and absolute and relative frequencies for categorical variables. Univariate comparison of continuous data was performed using the Student's t-test or the Mann-Whitney U-test when appropriate. Categorical variables were compared using a c 2 test or Fisher exact test. All statistical tests were two-tailed. Each potential risk factor for inappropriate duration of treatment was analysed in a univariate model and then all factors with a P value of 0.10 or less were entered in a logistic regression model. Model's goodnessof-fit was assessed using the Hosmer-Lemeshow c 2 test and the level of discrimination of the model was measured by the area under ROC curve. The accuracy of the model was defined as good when the area under ROC curve ranged from 0.70 to 0.80 and as excellent above 0.80. Continuous variables were introduced without dichotomization. The adjusted Odds ratio and their 95% confidence interval were calculated for all independent significant predictors. A P value <0.05 was considered significant. Statistical analysis was performed with Intercooled STATA 8.2 software (StatCorp LP, Texas, USA).
Results
Patient characteristics and aminoglycoside prescriptions
The characteristics of the 100 patients included in each period are shown in Table 1 . During the intervention period, patients were more frequently admitted to a medical ward and had a lower serum creatinine level on admission than patients included in the observational period. Overall, 34% of the patients were at risk for aminoglycoside-induced nephrotoxicity because of acute or chronic renal failure, including 8% with haemodialysis. Aminoglycosides were most commonly (53.5%) administered for the treatment of hospital-acquired infections. The main sites of infection treated were urinary tract infection (21%), pneumonia (19%) and skin-soft tissue infection (14.5%). Bacteraemia was documented in 27% of the patients.
Microbiologically documented infection accounted for most (79%) aminoglycoside prescriptions and included 52% initially documented and 27% empirical/documented infections. The distribution of microorganisms identified did not differ between the observational and intervention periods.
Comparison of the appropriate use of aminoglycosides between the two periods
Of the five appropriateness criteria analysed, two (justification for prescribing and selection of the aminoglycoside) achieved high appropriateness ratings during both periods (Table 2) . Twothirds of prescriptions were associated with adequate administration modalities, but this did not change during the intervention period. Likewise, no significant increase in the rate of prescription of SDD regimen occurred between the two periods. In contrast, we observed during the intervention period a significant improvement in the percentage of guideline-concordant treatment duration, and the median duration was significantly shorter during the intervention period, as compared with the first observational period. The intervention period was also associated with a significantly higher proportion of patients having drug levels monitored adequately: although the overall number of measurements significantly decreased, a higher proportion of patients had peak levels ordered when appropriate, and a higher proportion had drug levels within the therapeutic targets.
Among the 100 prescriptions evaluated during the intervention period, 32 were modified by the antibiotic control team. Reasons for intervention included excessive duration of treatment, n = 27 (60%); errors in dosage, n = 6 (13%); lack of indication, n = 5 (11%); inadequate selection of the drug, n = 4 (9%), and requirement for monitoring drug level, n = 3 (7%).
Variables associated with appropriate treatment duration
Several variables were significantly associated with an appropriate duration of treatment in the bivariate analysis (Table 3) : intensive care unit location, intervention of the antibiotic team and treatment of a documented infection (either at the start of therapy or secondarily), of a polymicrobial infection, or of pneumonia. On the other hand, age, hospitalization in a surgical ward, hospital-acquired infection, monomicrobial P. aeruginosa and skin-soft tissue infections were significantly associated with inappropriate duration of treatment.
All these variables but three (hospitalization in surgery, documented treatment and P. aeruginosa infection, because of collinearity with other variables) were entered into a regression logistic model. Three factors remained independently associated with an appropriate duration in the multivariate analysis, including hospitalization in ICU, polymicrobial infection and intervention of the antibiotic control team (Table 4) All results are expressed as median and interquartile range unless otherwise indicated.
Comparison of clinical outcome and costs of the two periods
There was no difference in hospital mortality of patients treated during the two periods. A significant reduction of the rate of nephrotoxicity was noted during the intervention period, whether assessed as a 25% or a 50% increase in serum creatinine (Table 5) . Despite the added costs induced by the medical intervention, overall direct costs associated with aminoglycosides prescriptions were also reduced, because of reduced costs of drugs and of drug levels monitoring. Overall, direct savings were estimated at d4039.4 per 100 persons treated during the intervention period.
Discussion
Previous studies evaluating antibiotic use in hospitals have shown that up to 50% of prescriptions can be inappropriate. 1, [6] [7] [8] Aminoglycosides are characterized by a narrow therapeutic index and their appropriate use requires careful consideration of many factors; therefore, auditing and monitoring the use of these drugs appears important. [9] [10] [11] [12] Our study shows that although the SDD regimen had been adopted and its use is generally appropriate according to our guidelines, the administration modalities of aminoglycosides often remain suboptimal both regarding monitoring and duration of therapy. Intervention of an antibiotic therapy team significantly improved the prescribing pattern. A recent audit of gentamicin use also showed that despite provision of guidelines and promotion of SDD regimen in the hospital, aminoglycoside prescribing practices were inadequate with regard to initial dosing and therapeutic drug levels. 13 This study was performed in the setting of restricted dispensing of aminoglycosides, implemented by the hospital's Drugs and Therapeutic Committee several years earlier. At the time of the observational audit, orders were checked upon receipt by pharmacists for consistency with existing guidelines, including justification of prescription according to the clinical setting and/or documented infection, selection of the drug and recommended daily dosage. However, no specific recommendation on modalities of aminoglycoside administration, duration of treatment, and indications and frequency of drug level monitoring were included in the hospital's guideline at that time. Consistent with this policy, we found that aminoglycoside use was justified in a large majority of prescriptions and that the drug selected was most often concordant with the guidelines. In contrast, we found unsatisfactory results regarding drug level monitoring and duration of therapy. Indeed, both these indicators of aminoglycoside misuse are difficult to control only through restricted access and controlled delivery. Assessing these aspects of good aminoglycoside prescribing involves auditing patients' charts to provide direct counselling to prescribing physicians; alternatively, computer-generated reminders could be used. 1, [9] [10] [11] [12] Many approaches to improve antibiotic usage in hospitals have been taken, including educational programmes, development of a restrictive hospital formulary and requirement for expert approval before or after prescribing some drugs.
14 However, restrictive policies and guidelines have met with limited success. Conversely, several studies have shown a positive impact on the adequacy of antimicrobial prescribing through direct counselling provided to the prescribing physician by an antibiotic therapy team. [15] [16] [17] [18] In the present study, we evaluated whether auditing aminoglycoside usage and reinforcing practice guidelines through direct counselling could have a positive impact on the appropriateness of prescriptions. Indeed, in a previous study performed in our hospital in 1997, we have shown that an interventional audit markedly increased the appropriate use of ciprofloxacin. 17 Using a similar approach, we found that direct intervention by an antibiotic control team resulted in altering one-third of aminoglycoside prescriptions. To assess the impact of this intervention, we used an intent-to-treat analysis to compare the two observation periods and found that the intervention was associated with a significant reduction in the duration of treatment. Importantly, this effect remained significant in the multivariate analysis. Moreover, intervention by the antibiotic control team was associated with a significant improvement of drug level monitoring practices. Whereas drug levels were monitored too often in the control observational period, peak levels were insufficiently monitored. In contrast, the intervention led to a significant reduction of the overall number of assays ordered but an increased rate of peak level assays when appropriate, and a higher proportion of peak and trough levels within the therapeutic ranges.
While the positive effect of an aminoglycoside consultation service on the efficiency of dosing and nephrotoxicity has been described previously, our approach also had a positive impact on the cost and quality of care. 1, 10, 13 Consistent with a reduction in the duration of therapy, the intervention was associated with a lower incidence of nephrotoxicity. The intervention was not associated with increased costs. Contrarily, we found some costs savings, mostly due to the reduction of the number of drug level assays ordered. The benefit reported in the present study is probably underestimated since we did not include the indirect costs of prescriptions, such as work time lost for drug administration and the costs associated with increased nephrotoxicity.
Importantly, others factors associated with an appropriate duration of treatment were found in the study. The rather high appropriate use of aminoglycosides in patients hospitalized in ICU could be explained by the specific antibiotic policy used in this ward, where antibiotic prescriptions are daily reviewed and which is directed by the chair of the anti-infectives drug subcommittee. Polymicrobial infections were also associated with an appropriate duration of therapy, and this effect was mostly observed among infections due to P. aeruginosa. On the other hand, we identified some other factors associated with an excessive duration of treatment, namely monomicrobial P. aeruginosa infections, skin and soft tissue infections and hospitalization in a surgical ward. This suggests that a continuous quality improvement programme of aminoglycosides use in our hospital could be focused on specific high-risk patients or hospital wards.
To conclude, we found that improving the appropriateness of aminoglycoside prescriptions should include both restrictive measures and direct counselling, which requires the intervention of an antibiotic control team. This intervention should focus on potentially amenable factors such as duration of treatment and monitoring modalities, perhaps for specific conditions and patients' subgroups. Alternative options require computergenerated automatic reminders, which may be also effective where computerized prescribing is available.
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